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Smaiaxy.: 


The  objective  of  this  contract  was  to  establish  the  feasibility  of 
studying  proteins  on  surfaces  by  scanning  tunneling  microscopy  (STM)  and 
atomic  force  microscopy  (ATM) .  Amino  acids  and  proteins  deposited  on  highly 
oriented  pyrolytic  graphite  (HOPG)  were  viewed  by  STM  (Appendices  A-C) .  A 
preliminary  experiment  was  conducted  in  the  laboratory  of  Dr.  Paul  Hansma, 
Univorsity  of  California,  Santa  Barbara,  which  demonstrated  the  observation  of 
immunoglobulin  (IgG)  on  quartz  and  mien  surfaces.  An  underwator  real  time 
observation  of  IgG  adsorption  on  mica  (Appendix  D)  suggests  that  the  process 
is  not  homogeneous.  We  now  have  a  functioning  AFM  in  our  lab  -  (thanks  to  the 
generosity  and  assistance  of  Paul  Hansma  and  co-workers)  -  and  protein  imaging 
studies  are  in  progress. 

Publications; 

Appendix.  A: 

"Scanning  Tunneling  Microscopic  Images  of  Amino  Acids,"  L.  Feng,  C-Z  Hu,  J.D. 
Andrade,  J. .Micros  copy.  JL5Z  (1988)  811-816. 

This  paper  presented  images  of  amino  acids  adsorbed  on  HOPG.  The  STM 
was  operated  i3  air.  Although  individual  amino  acids  were  occasionally 
observed,  the  majority  of  adsorbates  were  dimers  or  clusters. 

Appendix  B: 

"Scanning  Tunneling  Microscopic  Images  of  Adsorbed  Serum  Albumin  on  HOPG, "  L. 
Feng,  C-Z  Hu,  J.D.  Andrade,  J.  Colloid  Interface  Sci.  126  (9188)  650-653. 

Serum  albumin  adsorbed  on  HOPG  from  buffer  solutions  was  observed  by  STM 
in  air.  The  images  3how  details  of  subdomains  with  a  resolution  of  better 
than  20  A.  The  image  agrees  with  the  suggested  3-D  structure  of  albumin  and 
with  a  recently  reported  X-ray  crystal  structure. 
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Appendix  C: 

“Scanning  Tunneling  Microscopy  of  Proteins  on  Graphite  Surfaces, "  L.  Feng, 
J.D.  Andrade,  C-Z  Hu,  Scanning  Microscopy  2.  (1989)  399-410. 

This  paper  presents  all  of  the  biomolecule  STM  wok  done  by  our  group 
through  April,  1989.  In  addition  to  reviewing  the  results  of  the  two  papers 
discussed  above,  it  presents  results  and  images  for  lysozyme  and  fibrinogen  on 
HOPG.  Tho  role  of  substrate  binding  affinity,  tip-induced  deformation,  and 
motions  and  pile-up  due  to  scanning  processes  are  briefly  discussed. 

AppendLix-D.; 

"Direct  Observations  of  Immunoglobulin  Adsorption  Dynamics  Using  the  Atomic 
Force  Microscope,"  J-N  Lin,  B.  Drake,  A.S.  Lea,  P.K.  Hansma,  J.D.  Andrade, 
Langmuir  (1989)  in  press. 

The  paper  presents  a  portion  of  the  results  of  an  experiment  done  in 
Paul  Hansma' s  laboratory  at  the  University  of  California  ir.  Santa  Barbara.  An 
antifluorescyl  monoclonal  antibody  was  adsorbed  from  dilute  solution  onto 
clean  mica.  The  adsorption  appeared  to  result  in  aggregates  or  clusters. 
Although  individual  adsorption  events  (collisions)  could  be  3een,  the 
molecules  were  not  3table  and  apparently  desorbed  readily.  This  suggests  that 
we  may  have  to  treat  IgG  adsorption  as  a  highly  cooperative,  nonrandom 
process.  Based  on  this  work  we  proceeded,  with  the  generosity  and  assistance 
of  Hansma  and  his  group,  to  build  an  AFM  in  our  laboratory,  which  i3  now 
functioning  (as  of  Dec.  1,  1989) . 

Appendix  E: 

"Real  Time  Imaging  of  Immunoglobulin  Adsorption  on  Mica  Using  the  Atomic  Force 
Microscope,"  J-N  Lin,  B.  Drake,  A.S.  Lea,  P.K.  Hansma,  and  J.D.  Andrade, 
abstract  submitted  for  16th  Annual  Meeting  of  the  Society  for  Biomatorials. 

May  20-23,  1990,  Charleston,  South  Carolina. 
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Scanning  tunnelling  microscopic  images  of  amino  acids 
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SUMMARY 

We  present  images  of  amino  aeids  adsorbed  on  highly  orientated  pyrolytic  graphite  (HOPG) 
obtained  with  the  scanning  tunnelling  microscope  (STM)  in  air.  Individual  molecules  can  be 
observed  although  the  majority  of  adsorbates  appear  to  form  clusters.  In  the  case  of  leucine, 
methionine,  and  tryptophan,  two  molecules  often  associate  together  to  form  a  dimer.  Single  or 
dimer  glycine  molecules  were  not  seen,  but  a  cluster  of  a  number  of  them  was  observed.  The 
various  adsorbed  states  may  be  related  to  the  different  interactions  between  the  amino  acids  and 
the  graphite  surface.  The  mechanism  of  image  formation  of  the  amino  acids  is  probably  related 
to  charge  transfer  mechanisms. 

The  scanning  tunnelling  microscope  (STM)  has  been  used  for  studies  of  a  number  of  organic 
and  biological  substances,  including  copper  phthalocyanine  Gimzewski  ei  al.  (1987),  sorbic 
acid,  Smith  (1987),  bacteriophage,  Baro  ei  al.  (1985),  DNA,  Travaglini  et  al.  (1987)  and 
Lindsay  Sc  Barns  (1988),  proteins,  Dahn  et  al.  (1988),  and  lipid  bilayer,  Smith  et  al.  (1987)  on 
various  substrates.  The  results  have  indicated  that  the  STM  may  be  applied  in  biology  owing  to 
its  high  resolution,  ambient  and  under-liquid  working  conditions,  and  easy  operation.  Here  we 
report  the  STM  observation  of  four  amino  acids  adsorbed  on  highly  orientated  pyrolytic 
graphite  (HOPG). 

The  STM  was  provided  by  the  Tunneling  Microscope  Co.  based  on  the  D.  Smith  design, 
Smith  (1987).  The  HOPG,  from  Union  Carbide,  was  readily  peeled  with  a  tape.  Tryptophan 
(trp)  was  from  Calbiochem-Behring  Co.  and  glycine  (gly),  leucine  (leu),  and  methionine  (met) 
were  from  Sigma  Chemical  Co.  Their  chemical  structures  and  planar  limensions  based  on  the 
CPK®  atomic  models  (Ealing  Corp.)  are  shown  in  Fig.  1.  Their  aqueous  solutions  were 
prepared  by  dissolving  amino  acids  in  pure  water  (10  MQ/cm).  The  concentrations  were  all  0*  1 
mg/ml  for  the  STM  measurement.  A  drop  of  the  solution  was  placed  on  a  freshly  cleaved 
HOPG  surface  for  5  min  before  the  surface  was  flushed  with  ultra-pure  water  for  a  very  short 
time.  The  adsorbed  specimens  were  dried  at  room  temperature  and  normal  pressure  for  at  least 
overnight  before  the  image  was  taken.  The  STM  study  was  performed  in  air.  Constant  height 
mode  was  used  as  it  gave  better  resolution  and  less  distorted  images  than  the  constant  current 
mode,  Smith  (1987).  In  this  mode  the  gap  distance  is  held  invariant,  and  the  tunnelling  current 

•To  whom  correspondence  should  be  addressed. 
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Fig.  2,  Images  of  deposited  trp>  (a)  Low  magnification  image,  (b)  High  magnification  graphitic  image  of  the 
upper  left  part  of  (a),  (c)  High  magnification  trp  image  of  the  lower  right  part  of  (af. 
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'“'ion  graphitic  image  of  the 


changes  according  to  the  surface  comour  and  composition  during  x-y  scanning  of  the  tip.  It  is 
this  change  that  provides  information  on  the  adsorbed  species.  The  tungsten  tip  was  electro* 
ehcmieallv  etched  in  a  2  M  KOH  aqueous  solution  (Smith,  1987).  Operating  parameters 
included  1-2  nA  tunnelling  current,  0‘2-0*$V  bias  voltage,  and  l  kHz  scan  rate  in  A"  direction 
and  I  Hem  /direction.  The  images  were  displayed  by  a  grcy*s«lc  oscilloscope  and  the  pictures 
were  taken  by  a  CRT  camera. 

In  order  to  assure  that  amino  acid  molecules  could  be  observed  under  the  STM.  a  relative 
large  amount  of  trp  was  deposited  on  HOPG  without  flushing.  Figure  2ial  shows  that  there  arc 
two  rows  dividing  the  picture  into  two  parts.  When  the  magnification  was  increased  to  ten 
time.,  tr.c  image  of  the  upper  left  part,  Fig.  2(b)  is  that  characteristic  of  a  typical  HOPG  surface. 
The  lower  right  part.  Fig.  2»ei  shows  no  graphitic  character,  however,  and  the  surface  was 
much  rougher.  Here  the  current  variation  reached  5  nA  during  scanning.  Since  these  two 
pictures  were  taken  under  identical  conditions  and  almost  simultaneously,  it  is  thought  that 
they  represent  two  different  surface  states.  The  latter,  Fig.  2(c)  image,  should  be  of  the 
adsorbate  layer  and  the  rows  in  Fig.  2(a)  arc  presumably  its  edge.  Therefore,  amino  acids  can 
change  the  tunnelling  current  and  can  be  detected  by  the  STM.  The  principle  of  the  STM  has 
been  described  in  detail,  Hansma  &  Tcrsoft'(1987).  Amino  acids  and  proteins  have  long  been 
thought  to  be  semiconductors  since  charge  transfer  can  occur  between  their  functional  groups 
with  the  aid  of  impurities,  such  as  metal  ions  or  water  (Gutmann  St  Lyons,  1967;  Jortner  & 
Bison,  1987);  particularly,  sorbed  water  may  play  a  very  important  roIc*fPanitz,  1987).  Water 
eould  'raise  the  dielectric  constant  and  therefore  stabilize  the  electron-hole  pair,  thus  increasing 
the  number  of  charge  carriers',  ;Elcy  &  Leslie,  1963),  which  would  enhance  the  tunnelling 
current  via  charge  transfer  mechanisms. 

The  maiority  of  the  images  showed  segregated  dusters.  The  non-uniform  distribution  was  a 
utme  observation  in  these  studies.  Despite  their  rare  occurrence  some  individual  molecules 
ere  observed  and  they  arc  clearly  shown  in  Figs.  3-6  for  each  of  the  four  ammo  acids.  We 
•uggest  that  the  bright  humps  represent  the  amino  acid  molecules  because:  ,a .  the  dimensions 
.if  the  four  species,  estimated  with  reference  to  the  graphitic  crystal  lattice,  agree  with  those 
from  the  molecular  models  tscc  the  insertions  in  each  figurci;  ibi  the  'bright  humps’  were 
frequently  observed  for  the  adsorbed  samples  but  similar  images  were  not  seen  on  clean  HOPG 


5  A 

Fij.  3.  Glv  image.  The  insertion  is  the  molecular  size*  based  on  CPK  models,  of  the  same  magnification  as  the 
image,  A  number  of  glv  molecules  apparently  pack  together.  The  distance  m  between  is  about  3  A. 
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5  A 

Fig*  4.  Trp  irtuitc.  The  toKttkm  is  (he  molecular  size,  on  CPK  models,  of  the  tunc  magnification  as  the 
image.  A  dimer  of  two  panlkl  packed  wokcuki  c in  be  seen.  The  distance  in  between  is  about  9  A. 


Fig.  5.  Leu  image.  The  insertion  is  the  molecular  sue.  based  on  CPK  models,  of  (he  same  magnification  as  the 
image.  Three  leu  molecules  can  be  seen,  two  of  which  arc  associated  to  form  a  dimer.  The  distance  between  the 
two  is  about  5  A. 


surfaces  or  on  a  control  sample  which  had  undergone  identical  sample  preparation  procedures 
except  for  no  amino  acids;  (c)  taking  pictures  of  the  bright  humps  proved  to  be  difficult  since 
they  tended  to  escape  very  easily  due  to  their  weak  interactions  with  the  substrate;  (d^ 
adsorption  from  the  atmosphere  was  not  given  strong  consideration  because  graphite  surface 
images  were  routinely  obtained  on  ‘clean'  HOPG,  even  samples  used  several  days  after 
cleavage;  (c)  hydrocarbon  impurities,  if  any,  arc  not  normally  seen  by  STM,  (Schneir  & 
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K*.  t.  Met  image.  The  insertion  is  the  molecular  sire,  based  on  CPK  models,  of  the  same  maitnifieation  as  the 
image.  One  met  molecule  is  lying  hotuonully  on  1101*0.  Dimers  were  often  observed  but  the  pictures  arc  poor  tn 
quality, 

Hansma,  19871;  and  tfl  alt  the  pictures  in  this  paper  arc  representative  of  many  observation 
events. 

It  is  interesting  to  took  at  the  molecular  packing  of  the  different  adsorbates.  The  simples; 
amino  aciJ.  gly,  formed  arravs,  each  of  which  contains  a  number  of  gly  molecules  i  Fig.  3». 
Another  characteristic  is  the  dimer  aggregation  for  both  trp  and  leu  tFigs.  4  and  5'.  Dimers 
were  also  observed  with  met.  The  dimer  or  trimer  phenomenon  was  not  uncommon  except  for 
gty.  In  fact  it  was  very'  difficult  to  spot  a  single  separated  molecule,  such  as  met  in  Fig.  6.  A 
dimer  was  not  a  double  tip  artefaet  because  not  everything  on  the  image  was  doubled.  It  is 
thought  there  arc  two  reasons  for  the  dimer  or  multimer  formation.  Amino  acids  can  form 
pairwise  'side-on'  associations  in  their  aqueous  solutions,  t  Lillcy,  19851.  The  dimer  association 
may  remain  intact  during  the  adsorption  process.  On  the  other  hand,  a  single  amino  acid 
molecule  does  not  have  a  strong  interaction  with  the  IIOPG  surface.  Without  the  association,  it 
would  be  quite  volatile  due  to  its  low  molecular  weight.  This  explains  its  observed  mobility 
under  the  STM  observation.  That  is  why  we  often  located  one  single  molecule  but  it  soon 
disappeared  before  we  could  take  a  picture.  Those  that  were  imaged  may  have  adhered  to  some 
sort  of  surface  defect,  whieh  could  increase  adsorbent-adsorbate  interactions.  The  smaller 
amino  acids  require  more  intermolccular  interactions  in  order  to  form  a  stable  adsorbed  state.  It 
is  why  we  only  saw  gly  clusters  rather  than  dimers. 

Ai  this  time  the  possibility  of  selective  adsorption  of  impurities  cannot  be  completely  ruled 
out  and  further  work  is  necessary,  such  as  scanning  tunnelling  spectroscopy,  (Smith,  1987). 
Although  we  have  much  more  to  observe  and  to  learn  about  electron  tunnelling  and  STM 
analysis  of  amino  acids  and  larger  biomolccules,  it  is  dear  that  STM  offers  considerable 
potential  for  surface  studies  of  biomolccules. 
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LETTER  TO  THE  EDITOR 

Scanning  Tuon«liog  Microscopic  Imagss  of  Acfsort)#<l  Ssrum  AlbucnJn 
on  Highly  Orisntsd  Pyrolytic  Graphhs 

Human  xrum  albumin  mokcuki,  adsorbed  on  highly  oriented  pyrolytic  graphite  (HOPG),  have 
been  observed  by  scanning  tunneling  microscopy  (STM)  in  xir.  The  image*  show  the  details  of  sub- 
mokcuUr  domains  as  well  as  individual  moleeuk*  with  a  resolution  better  than  20  A.  The  obxrved 
domain  amngemem  agree*  with  the  expected  rite  and  structures  of  albumin*  suggottng  that  Uttk  dc- 
natuntion  has  occurred  on  HOfO.  This  work  further  demonstrate*  that  the  direct  obeemtion  of  bio* 
molecules  by  STM  is  probable.  tmak, 


Scanning  tunneJiog  microscopy  (STM)  has  enabled 
xxntisu  to  probe  structure  and  topography  at  the  Ang¬ 
strom  level.  STM  has  been  successfully  applied  to  con¬ 
ducting  and  semiconducting  materials  (1,2),  Application 
to  biomaieriaU,  however,  seems  to  be  a  controversial  sub¬ 
ject.  Adsorbed  btdofkal  substances  are  normally  tnadatori 
and  are  generally  mobile  Thus  they  art  difficult  to  "•see* 
by  STM,  Although  such  difficulties  can  be  overcome  by 
surface  coaling  with  conducting  materiel*  O,  4),  the  direct 
observation  f  biomaterials  is  more  attractive,  as  direct 
observation  minimises  inifxcu  and  makes  for  situ  mea¬ 
surements  possible,  A  few  published  papers  have  given 
images  of  bacteriophage  (5),  DNA  (6. 7),  lipid  bilayers 
(9),  and  proteins  (9,  10)  though  the  image  formation 
mechanism  remains  unexplained.  Our  STM  experience 
suggests  that  biological  substance  can  be  sensed  by  STM, 
depending  on  the  type  of  molecular  species,  its  adsorbed 
sute,  its  hydration  degree,  the  tip  shape,  the  stability  of 
the  STM  instrument,  etc.  In  this  report  we  present  two 
STM  pictures  of  protein  molecules  adsorbed  on  highly 
oriented  pyrolytic  graphite  (HOPG).  The  images  reveal 
the  best  resolution  so  far  achieved  by  STM  on  proteins. 
The  result  unambiguously  indicates  the  feasibility  of  direct 
observation  of  biomacromolecules  with  STM. 

Human  scrum  albumin  has  a  concentration  of  about 
42  g/  liter  in  plasma  and  constitutes  60%  of  the  max  of 
plasma  proteins  ( 1 1).  It  is  a  single  polypeptide  chain  con¬ 
sisting  of  384  amino  add  residues  and  having  a  molecular 
weight  of  about  69,000.  Albumin  has  a  strong  internal 
structure,  held  firmly  together  by  1 7  disulfide  bridges.  Fig¬ 
ure  I  shows  the  three-dimensional  molecular  model.  The 
molecular  shape  is  generally  taken  as  an  ellipsoid  with 
dimensions  of 40  X  140  A.  There  art  three  domains  within 
the  molecule.  The  domain  structure  is  believed  to  be  a 
cylinder  formed  by  six  a-helices  (1 1). 

The  STM  images  of  human  albumin  are  presented  in 
Fig.  2.  Figure  2a  shows  one  adsorbed  human  albumin 
molecule  and  some  parts  of  two  other  molecules  on  HOPG. 
They  have  different  orientations.  The  molecular  dimen¬ 
sions  are  120  A  in  length  and  60  A  in  width.  The  slight 


deviation  In  dimensions  of  the  adsorbate  from  thoae  of 
the  above  model  may  be  caused  by  slight  collapse  of  the 
native  structure  in  the  relatively  dry  air  environment  Three 
cy  lindrical,  parallel  domains  can  be  observed,  ax  expected 
from  the  model,  suggesting  that  the  surface  denaturatioft 
is  not  extensive.  In  addition  to  domains,  some  side  loop* 
connecting  the  domains  cm  also  be  seen.  The  faet  that 
domains  can  be  distinguished  mans  that  the  resolution 
is  about  10  A.  The  flat  regions  around  the  adsorbed  mol¬ 
ecules  hive  been  identified  as  bare  HOPG.  in  fact  the 
liny  ripples  along  the  scanning  lines  in  Fig.  2b  are  the 
corrugation  of  graphitic  carbon  atoms,  commonly  ob¬ 
served  by  STM  on  HOPG  (I).  The  surface  depression  to 
the  left  of  each  adsorbed  mokcuk  is  considered  an  influ¬ 
ence  of  the  adsorbed  species.  This  area  should  actually  be 
the  flat  sublime,  which  cant*  confirmed  by  the  existence 
of  the  atomic  corrugations  in  that  region.  Similar  obser¬ 
vations  have  been  reported  (12). 

Figure  2  give*  information  on  adsorption  as  well  Certain 
carbon  materials  have  long  been  considered  to  have  ex¬ 
cellent  bJoeompalibility  (13,  14).  One  of  the  hypotheses 
is  that  there  is  not  much  denatumion  of  proteins  adsorbed 
on  a  carbon  surface.  Although  HOPG  is  not  quite  the 
same  as  those  carbon  materials,  its  adsorbing  behavior 
may  still  imply  that  this  hypothesis  Is  reasonable.  The  al¬ 
bumin  molecules  essentially  kept  their  native  suit  in  the 
presence  of  interactions  between  the  adsorbate  and  the 
adsorbent.  From  this  respect  it  is  worth  studying  the  ad¬ 
sorption  under  water  in  the  future. 

In  summary,  we  have  been  able  to  obtain  STM  images 
of  albumin  and  of  its  domain  structure  on  HOPG.  This 
work  confirms  thit  STM  can  be  employed  to  study  some 
biological  substances  under  certain  experimental  condi¬ 
tions,  such  as  for  protein  adsorption  on  conducting  sub¬ 
strates.  We  have  observed  seven!  different  proteins  de¬ 
posited  on  HOPG.  Wc  consider  that  the  image  formation 
mechanism  is  related  to  charge  transfer  processes  in  the 
protein  ( 1 5).  By  the  aid  of  scanning  tunneling  spectroscopy 
(STS)  (16),  STM  might  become  a  powerful  tool  to  study 
the  electronic  properties  of  proteins. 
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FlG.  I.  Backbone  three-dimensional  model  of  scrum  albumin.  In  ibis  model  the  wire  represents  the 
peptide  backbone  and  the  spheres  represent  disulfide  bridges  in  the  long  loops,  (a)  Side  view  of  the  model. 
The  three  domains  arc  antiparallcl  to  one  another,  (b)  Top  view  of  the  same  model.  The  length  is  140  A 
and  the  width  40  A  for  the  entire  molecule  'from  Ref.  (I  I)  by  permission  of  the  author). 
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FlO.  2.  Images  of  human  albumin  on  HOPG.  The  picture  dimensions  arc  200  A  in  the  horizontal  (x) 
and  160  A  in  the  vertical  (>•)  directions.  Since  the  adsorbate  has  a  very  different  electronic  structure  from 
the  substate,  the  height  (r direction )  could  not  be  directly  measured.  Both  (a )  and  ( b)  show  several  different 
molecules.  Three  domains  can  be  dearly  seen  (a).  The  ripples  on  the  raster  lines  in  (b)arc  the  corruptions 
of  carbon  atoms  of  the  HOPG.  The  sample  was  prepared  by  depositing  a  droplet  of  albumin  (CaJbiochcm) 
in  phosphate*buffcred  saline  solution  (pH  7.4.  10  ppm  albumin)  onto  freshly  cleaved  HOPG  and  then  the 
droplet  was  removed  by  capillarity  with  a  tissue.  The  sample  was  then  flushed  with  water  for  10  s  and  was 
dried  at  room  tcmpcniurc  for  5  h  before  observation.  The  STM  was  operated  in  air  with  a  bias  voltage  of 
200  mV.  tunneling  current  of  4  nA.  and  high  feedback  pin.  The  tungsten  tip  was  clcctrochcmically  etched 
in  2  M  KOH.  Constant  height  mode  was  used  with  the  scanning  rates  40  Hz  :n  x  and  0.05  Hz  in  >\ 
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Abstract 

We  applied  scanning  tunneling 
microscopy  (STM)  to  the  observation  of 
amino  acids  and  proteins  deposited  and/or 
adsorbed  on  highly  oriented  pyrolytic 
graphite  (HOPG) . 

Although  many  questions  remain#  it 
is  demonstrated  that  relatively  high 
resolution  images  o i  uncoatud  proteins 
can  often  be  obtained  in  air.  We  present 
images  of  five  amino  acids  (glycine# 
leucine#  lysine#  methionine  and 
tryptophan)  and  three  proteins  (lysozyme# 
albumin  and  fibrinogen)  under  various 
conditions  of  deposition  and  adsorption. 
Wc  discuss  the  role  of  affinity  of  the 
amino  acids  and  proteins  to  the 
substrate#  their  adsorbed  states  and 
distribution#  and  STM  tip-induced 
deformation  and/or  destruction. 

STM  studies  of  adsorbed  proteins  are 
expected  to  provide  useful  and  even 
unique  information  on  the  conformation 
and  packing  of  the  proteins. 


KEY  WORDS:  Scanning  tunneling  mxcrcsccpy, 
Biological  applications,  Highly  oriented 
pyrolytic  graphite,  Proteins#  Amino  acids. 
Lysozyme#  Albumin,  Fibrinogen. 
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Introduction 

Scanning  tunneling  microscopy  (STiM) 
is  a  new  and  fast  growing  surface 
analysis  and  imaging  technique.  In  the 
seven  or  so  years  since  its  invention  by 
Binnig  and  Rohrer  (Binnig  ec  al.#1982)# 
STM  has  been  gradually  increasing  in 
popularity  in  the  imaging  of  conducting 
and  semi-conducting  surfaces  (Binnig  and 
Rohrer, 1985#  Quate#  1986#  and  Hansma  and 
Torsoff#  1987) .  Such  rapid  progress  is 
due  to  the  unparalleled  capabilities  of 
STM  compared  with  other  forms  of 
microscopy:  (1)  ultra-high  resolution 
down  to  atomic  dimensions,  (2)  three- 
dimensional  images#  especially  with  a 
very  high  sensitivity  in  the  vertical 
direction#  (3)  a  varioty  of  operating 
conditions,  including  vacuum#  air  and 
even  liquids#  (4)  observation  range  from 

10"*  to  10"l°  n,  (5)  the  ability  to  do 
tunneling  spectroscopy,  and  (6) 
relatively  inexpensive  equipment. 

The  operating  principle  of  STM  is 
surprisingly  simple.  When  a  metal 
ncedlc-liko  probe  (tip)  is  brought  close 
enough  to  a  conducting  surface  (1-10 
Angstroms),  electrons  tunnel  through  the 
gap  between  the  tip  and  the  surface  under 
an  appropriate  bias  voltage#  producing  a 
tunneling  current.  The  tunneling  current 
is  a  function  of  the  bias  voltage  and  the 
shape  of  the  barrier  (related  to  work 
function)  and  is  extremely  sensitive  to 
the  gap  distance.  The  tunneling  current 
is  changed  by  a  factor  of  10  when  the 
distance  changes  just  1  Angstrom  for  a 
local  work  function  of  4  eV.  It  is  this 
strong  distance  dependence  that  is  the 
reason  for  STM*s  high  vertical 
resolution.  When  the  tip  is  rastered 
across  the  surface  using  a  piezoscanner# 
a  feedback  network  adjusts  the  height  of 
the  tip  above  the  substrate  surface  to 
keep  the  tunneling  current  constant;  this 
is  called  the  constant  current  mode. 
Alternately,  the  change  in  the  tunneling 
current  can  be  recorded  at  a  constant  tip 
height:  the  constant  height  mode.  In 
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both  nodes  a  surface  topographical  nap  is 
obtained  (Kansma  and  Tersoff,  1987),  as 
in  Figure  1,  if  the  substrate  has  a  a 
chemically  homogeneous  surface.  Suppose 
there  is  an  adsorbed  molecule  on  a 
conducting  surface;  it  ray  perturb  the 
magnitude  of  the  local  tunneling  current 
due  to  a  change  in  local  work  function. 
The  molecule  is  “imaged*  through  the 
change  of  the  local  current.  This  is 
the  probable  mechanism  by  which  an 
adsorbate  is  detected  by  STM  (Panics, 
1987  and  Spong  et  al.  1989).  Since  the 
adsorbate  usually  does  not  have  the 
identical  chemical  composition  and 
structure  as  the  substrate,  the  tunneling 
current  map  does  r.ot  necessarily 
represent  the  same  surface  topography. 

Since  our  group  has  a  strong 
Involvement  in  the  study  of  proteins  at 
interfaces  (Andrade,  1985),  we  have  a 
particular  interest  in  applying  STM  to 
this  area.  Our  rationale  is  aa  follows: 
conventional  TSK  or  SEM  generally  needs  a 
high  vacuum  system,  which  often  distorts 
the  protein  native  state.  Often  a 
coating  is  necessary  to  minimise  sample 
charging  and  to  enhance  tho  contrast; 
such  coating  can  easily  Introduce 
artifacts  ar.d  thereby  decrease  the  useful 
resolution .  Labeling  adsorbed  proteins 
with  heavy  metals,  such  as  golo,  does  not 
give  a  sufficiently  high  resolution  in 
the  SSM,  and  it  depends  on  labeling 
efficiency  and  other  factors.  However, 
with  an  in-air-operated  STM  it  is 
possibiC  ro  observe  proteins  in  their 
hydrated  state  in  a  humid  environment.lt 
is  even  possible  ro  see  proteins  in 
solution  with  an  appropriately  designed 
and  constructed  STM.  Proteins  are 
considered  scmiconductlve  in  their  usual 
hydrated  state  (Jortner  and  Sixon,  1987). 
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The  resolution  c£  STM  for  protein 
molecules  should  be  higher  than  in  SEM  or 
TSM.  So  long  as  the  substrate  conducts 
electricity,  STM  may  be  employed. 

a  ►<»■•?»«  a*  STM  in 

Listed  here  »  .he  major  obstacles 
in  applying  STM  *  the  study  of  proteins. 
(1)  They  are,  i r  j.neeal,  poor  conductors 
of  electricity  so  that  they  may  not 
significantly  alter  the  tunneling 
current;  (2)  they  are  relatively  soft 
and  flexible  so  chat  they  tend  to  "smear 
out"  the  image  and  lower  the  resolution 
because  of  their  notion  and  relaxation  in 
tho  presence  of  thu  tip  and  the  applied 
electric  field;  (3)  their  molecular 
structure  is  often  not  well  characterized 
so  that  image  Interpretation  is 
difficult;  and  (4)  they  may  have  weak 
interactions  wich  the  conducting 
substrate  to  which  they  are  attached  so 
that  they  are  often  perturbed  or  moved  by 
the  moving  tip.  nevertheless,  many 
biological  as  well  as  organic  substances 
in  different  forms  have  been  observed  by 
STM.  A  few  review  papers  are  now 
available  (Hansma  ec  al.,  1988  and 
Znsadzinski,  1989) . 

The  very  first  paper  of  STM  images 
of  a  biological  substance,  SNA,  appeared 
in  1983  (Binnig  and  Rohrer,  1983), 
unveiling  the  possible  application  of  STM 
in  biology.  Bar.)  et  al.  (1985,1986) 
reported  the  surface  topography  of 
bacteriophage  f29  cn  graphite  There  have 
been  a  number  >;f  papers  on  imaging 
Langmuir-Blodgett  films  on  different 
substrates  by  STM,  with  arachldate  on 
graphite  (Smith  et  al.,  1987), 
dimyriscoylphosphatic  acid  on  both 
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Figure  1.  Schematic  expression  of  operating  principles  of  scanning  tunneling 
microscopy  in  either  the  constant  current  mode  and  constant  height  mode. 
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jraphito  and  gold  (Horbec  et  al.#  128S), 
®-trice3«noic  and  12,8-diynoic  acids  (Cd 
salts)  on  silicon  wafer  and  graphite 
(Braun  at  al.#  1988).  Ic  seeas  that  with 
such  regularly  packed  structures,  the 
nolecul es  arc  nuch  easier  to  image  and 
distinguish  and  the  resolution  is  higher 
spared  to  individual  or  randomly  packed 
^clecuies.  The  sane  is  true  when  inaging 
liquid  crystals  (Foster  and  Fremner#  1988 
and  jpong  et  al.#  1989)  and  TTF-TCHQ 
crystals  (Sleatcr  and  Tycko#  1988). 
Scanner  et  al.  (1997)  have  nanaged  to 
inage  biological  nenbranes  tporin 
membrane: .  Membranes  prepared  by  f rccze- 
fracturc  replica  methods  show  nuch  note 
detail  (Joseph  et  al.#  1288).  Studies  of 
single  stranded  ENA  have  produced 
impressive  results,  Travaglini  et  al. 
(1987)  started  the  study  of  hare  DMA 
molecules.  Later  the  same  group  obtained 
images  of  OHA  by  means  of  conducting  film 
coatings  (Anrcin  et  al.#  1988).  Beebe  et 
al.(1989)  achieved  a  similar  resolution 
on  uncoated  double-stranded  DMA  using 
STM,  DNA  images  under  water  were 
obtained  by  Barris  ec  al.(1988)  and 
Lindsay  et  al.  (1989) . 

Few  papers  have  dealt  with  the 
subject  of  STM  observation  *>f  proteins. 
Cnc  of  the  earliest  papers  on  protein  STM 
images  was  by  Bahn  et  ai.(1988).  While 
their  work  was  mainly  on  bacterial 
sheaths#  a  globular  protein#  ovalbumin# 
was  imaged.  The  molecules  had  become 
flattened  and  elongated  presumably  due  to 
the  dehydration.  Horber  et  al.  (1983) 
studied  Concanavalin  A  embedded  in  a 
lipid  film.  They  claimed  chat  the  four 
subunits  of  Con  A  might  be  seen.  Simic1- 
Krstic1  et  al.  (1989)  recently  observed 
microtubules  on  graphite  fixed  in  0.1% 
glutaraldehydc  in  both  freeze  dried  and 
hydrated  states.  Microtubules  frequently 
appeared  buckled#  semif lattened  and/or 
twisted.  Collagen  strand3  of  15 
Angstroms  in  diameter  on  graphite  were 
imaged  by  Voclker  et  al.(1986).  They 
suggested  that  the  periodic  spikes^  from 
the  strand  represented  pyrrolidine" rings 
of  the  proline  and  hydroxyproline  amino 
acid  residues.  In  contrast  to  the  DNA 
images#  proteins  on  a  conducting 
substrate  generally  show  a  les3  defined 
structure  ^nd  poorer  resolution. 

Since  protein  adsorption  properties 
play  an  important  role  in  the 
applications  of  biomaterials#  we  believe 
that  it  is  worthwhile  to  utilize  STM  to 
explore  the  details  in  conformation  and 
packing  of  adsorbed  proteins.  STM  may 
also  provide  information  on  the 
electronic  structure  of  proteins  which 
will  certainly  benefit  molecular 
electronics  studies.  In  the  rest  of  the 
paper#  we  will  introduce  our  published 
and  unpublished  STM  work  on  five  amino 
acids  and  three  proteins  (Feng  et  al.# 
1988  and  1989) . 


The  substrate  was  highly  oriented 
pyrolytic  graphite  (HOPG)  from  Union 
Carbide.  As  a  routine  substrate  for  STM, 
HOPG  is  a  semimetal  and  relatively  inert 
material.  Cleaved  by  an  adhesive  tape# 
HOPG  readily  provides  a  large  (1  nun  x  l 
mm)  clean  area  with  an  atomically  flat 
plane.  Tryptophan  (trp)  was  from 
Calbioshen  and  glycine  (gly)#  leucine 
(leu)#  lysine  (lys),  and  methionine  (met) 
were  from  Sigma.  Hen  lysozyme  was  from 
Calbiochem#  human  serum  albumin  from 
Calbiochem  and  human  fibrinogen  from 
Calbiochcn  and  Sigma.  The  amino  acids 
and  proteins  were  dissolved  either  in 
jltra-purc  water  (10  Mfl/cm)  or  in  pH  7.4 
phosphate  buffered  saline  (PBS);  amino 
acid  concentrations  were  0,1  mg/ml  and 
protein  concentrations  were  from  0.001 
mg/ml  (1  ppm)  to  0.1  mg/ml  (100  ppm).  A 
droplet  of  the  solution  was  pipetted  onto 
a  newly  cleaved  HOPG  surface#  which  was 
either  promptly  removed  by  capillarity 
(for  a  deposited  sample)  or  allowed  to 
rest  for  5  min  before  being  flushed  with 
ultra-pure  water  (for  an  adsorbed 
samplo) .  All  samples  were  dried  at  roon< 
temperature  and  ambient  atmosphere  (22*C 
and  20-50*  R.H.) . 

Our  STM  wa3  provided  by  the 
Tunneling  Microscope  Co. (Smith#  1987), 
STM  tips  were  prepared  by  electrochemical 
etching  a  tungsten  wire#  0.5  mm  in 
diameter#  in  a  2  M  KOH  solution  under  a 
20-30  V  a.  c.  potential.  The  tips  had 
diameters  from  0.1-1  mm  at  the  end  as 
measured  by  TSM.  STM  was  operated  in 
air;  both  constant  height  and  constant 
current  modes  were  used.  Parameters  for 
a  typical  constant  height  mode  were  200- 
800  mV  h:.as  voltage  (Vb)  #  tips  being 
negative  with  respect  to  samples#  1-2  nA 
tunneling  current  (It)#  1  KHz  scan  rat u 
in  x  direction  and  1  Hz  in  y  direction. 
Parameters  for  a  typical  constant  current 
mode  were  50-400  mV  bios  voltage#  tips 
being  negative  with  respect  to  samples# 
1-4  nA  tunneling  current,  30  Hz  scan  rote 
in  x  direction  and  0.05  Hz  in  y 
direction.  The  magnification  was 
calibrated  by  the  lattice  parameters  of 
HOPG  substrate.  Real-time  images  were 
processed  by  a  band  pass  filter  to 
minimize  high  frequency  noise#  and 
displayed  by  an  oscilloscope.  The 
pictures  were  recorded  from  the 
oscilloscope  by  a  CRT  camera. 

Results  and  discussion 

AmirtQ_ acids  (Feng  et  al.#  1988) 

We  first  studied  the  amino  acids 
since  they  are  the  simpler  building 
blocks  of  complex  proteins.  All  five 
amino  acids  adsorbed  on  HOPG  were  easily 
seen  as  aggregates  (Figure  2)  . 
Adsorbates  occupied  roughly  5-10%  of 
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Figure  2.  (a)  Molecular  formulas  of  the  five  amino  acids.  (b)  -  (g)  Amino  acids 
adsorbed  from  0.1  mg/ml  aqueous  solutions  on  HOPG  as  aggregates.  (b)  Gly  (Vb  -  500  mV, 
It  -  1  nA,  25  Angstroms/div):  (c)  One  of  the  humps  in  (b) ,  2.5  Angstrcms/div;  <d)  Lys 
(Vb  -  300  mV,  It  -  1  nA,  25  Angstroms/div);  the  white  vertical  lines  are  photo  defects; 
(e)  Higher  magnification  of  (d),  2.5  Angstroms/div;  the  white  vertical  lines  are  photo 
defects;  (f)  Met  (Vb  -800  mV,  It  *  1  nA,  25  Angstrom3/div) ;  (g)  Higher  magnification 
of  met  (Vb  «  300  mV,  It  -  1.8  nA,  2.5  Angstroms/div).  In  (c) ,  (e)  and  (g) ,  individual 
molecules  can  be  barely  seen.  Constant  height  mode  was  used. 
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total  surface#  according  to  a  statistical 
estimate  with  many  regions,  This  value 
is  much  less  than  that  expected  from  our 
radioisotope  measurements#  which  gave 
about  80*  coverage  if  monolayer 
adsorption  was  assumed.  The  discrepancy 
nay  he  due  to:  (1)  the  presence  nf 
multilayer  adsorbates  which  had  been 
fcruncated  by  the  3TM  tip  because  the  gap 
distance  was  of  the  order  of  \  Angstrom# 
(2)  less  of  adsorbates  from  the  substrate 
when  they  were  impounded  by  the  rigid 
tip#  and/or  (3)  incapability  of  imaging 
some  adsorbates  since  they  did  not  modify 
the  tunneling  current,  from  Figures  2 
CO  #  (e)  and  Cg)  one  could  distinguish  a 
few  single  molecules  in  those  clusters. 
The  apparent  difference  in  their  sizes  is 
thought  due  to  their  different  distances 
to  the  tip  since  they  were  randomly 
packed.  More  often  than  not#  separate 
individual  amino  acid  molecules  were  hard 
to  find#  presumably  due  to  weak 
interactions  between  them  and  the 
substrate.  Sometimes  a  molecule  was 
spotted  but  it  quickly  disappeared  from 
the  image  before  a  picture  could  be 
taken. 

Occasionally#  a  few  amino  acid 
molecules  were  caught  and  imaged  with 
bectei  resolution#  as  in  Figure  3.  We 
suggest  that  the  bright  hurps  represent 
amino  acid  molecules  because:  <11  the 
dimensions  of  the  three  species# 
estimated  with  reference  to  the  graphite 
crystal  lattice,  agree  with  those 
expected  from  the  molecular  models  (see 
the  insertions  in  each  figure);  (2) 
“bright  humps"  were  frequently  observed 
for  the  adsorbed  samples  but  similar 
images  were  not  seen  $n  clean  HOPS 
surfaces  or  on  a  control  sample  which  had 
undergone  identical  sample  preparation 
procedures  except  for  no  ammo  acids;  (3) 
taking  pictures  of  the  bright  humps 
turned  cut  to  be  difficult  since  the/ 
tended  to  escape  very  easily  due  to  their 
weak  interactions  with  the  substrate; 
(4)  adsorption  from  the  atmosphere  was 
not  given  strong  consideration  because 
graphite  surface  images  wore  routinely 
obtained  on  HcleanH  HQPG#  even  samples 
used  several  days  after  cleavage;  (5) 
hydrocarbon  Impurities#  if  any#  are  not 
normally  seen  by  STM#  Schneir  and 
Hansma{1987) ;  and  (6)  all  the  pictures  in 
this  paper  arc.  representatives  of  many 
observation  events.  Diners  or  trimers 
arc  relatively  more  stable  than  monomers 
in  terms  of  interactions  with  the 
substrate  so  that  they  were  immobile  for 
a  sufficient  time  for  producing  a 
photograph.  No  dimers  or  even  trimers 
could  be  seen  on  gly  samples  because  of 
gly's  much  smaller  molecular  weight  and 
size. 


Figure  3.  Images  of  individual  amino 
acid  molecules  with  constant  height  mode. 
The  graphite  substrate  can  be  seen 
underneath.  The  insertions  are  the 
molecular  sizes  based  on  CPK  models  of 
the  same  magnification  as  the  images, 
(a)  Gly  image  (1.9  Angstroms/div  in  x  and 
3.2  Angstroms/div  in  y) #  a  number  of  gly 
molecules  apparently  pack  together;  (b) 
Leu  image  (2.8  Angstroms/div  in  x  and  3.2 
Angstroms/div  in  y),  three  leu  molecules 
being  seen#  two  of  which  are  associated 
to  form  a  dimer;  (c)  Trp  image  (3.3 
Angstroms/div  in  x  and  3.8  Angstroms/div 
in  y)#  a  dimer  of  two  parallel  packed 
molecules  being  seen. 
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Hen  egg-white  lysozyme  is  a  small 
impact  protein  Kith  molecular  weight  of 
14,500,  made  up  of  a  single  polypeptide 
£hain  of  129  amino  acids.  Four 
bisulfide  bonds  cross-link  the  rolcculc 
and  provide  high  stability.  Lysozyme  has 
an  ellipsoidal  shape,  wish  dimension  of 
*55  x  30  a  30  Angstroms  tStryer,  1986} . 
ESCA  measurement#  Figure  *5#  shows  that 
lysozyme  has  a  large  affinity  for  HOPG. 
The  adsorbed  monolayer  (the  plateau  of 
the  adsorption  isotherm)  was  formed 
within  5  nin  oven  when  the  solution 
concentration  was  as  low  as  0.01  mg/ml# 
4f.d  virtually  no  desorption  was  decocted. 


Figure  *5.  lysotyme  adsorption  isotherm 
detected  by  ESCA  (HP  59550;  adsorption 
tine  5  nin  at  22%C,  and  water  rinse  1 
min. 


In  Figure  5  (a  #  adsorbed  lysozyme  is 
observed  by  the  constant  height  node. 
The  molecules  apparently  collapsed  and 
merged  into  a  rough  film.  The  adsorbate 
film  was  apparently  thin  enough  to  have 
avoided  being  cut  through  by  the  STM  tip. 
A  very  small  number  of  molecules  remained 
roughly  of  globular  shape  (Figure  5(b)). 
But  this  time  their  top  portions  were 
apparently  truncated  by  the  tip.  In 
order  to  image  the  whole  molecule#  the 
constant  current  mode  should  be  a  better 
method  for  molecules  with  dimensions  of 
more  than  several  Angstroms. 

Figure  6  i3  the  image  using  the 
constant  current  mode.  Again  no 
individual  molecules  arc  recognisable 
even  with  higher  magnification.  Compared 
with  Figure  5(a)#  this  picture  shows  much 
rough  adsorbates  with  many  '’hills*'  and 
"valleys".  One  of  the  reasons  might  be 
that  the  consrant  current  mode  tolerated 
much  larger  sised  objects  since  the  tip 
tried  to  go  over  them.  Another  possible 
reason  is  chat  the  tip  tended  to 
mechanically  push  the  molecules  and  piled 
them  up  if  they  did  not  enhance  the 


Figure  5.  STM  images  of  adsorbed 
lysosyme  on  HOPG#  adsorption  conditions: 
0.1  ng/nl  concentration#  adsorption  time 
5  nin  at  22*0#  and  water  rinse  1  min;  STM 
conditions:  constant  height  node  Vb  « 
800  mV,  It  «  2  nA.  (a)  Most  lysozyme 
molecules  merged  into  a  rough  adsorbed 
layer,  bar  «  40  Angstroms.  (b)  In  very 
few  cases  globular  molecules  remained  but 
their  top  portions  were  apparently 
truncated  by  the  tip,  bar  *  40  Angstroms. 


tunneling  current  sufficiently  to  provide 
response  in  the  gap  distance  adjustment. 
The  latter  perhaps  dominated  since 
lysosyme  molecules  haa  high  resistivity 
and  therefore  were  hardly  "seen"  by  the 
tip. 

Hunan  sArun_.alhunin  (Feng  et  al.#  1980) 
Human  serum  albumin  consists  of  a 
single  polypeptide  chain  of  584  amino 
?cids  with  a  molecular  weight  of  about 
69,000.  Albumin  has  a  strong  internal 
structure,  held  firmly  together  by 
seventeen  disulfide  bridges.  Figure  7 
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Figure  I.  STM  iMf«i  (100  Angstroms/div) 
of  adsorbed  lysosvme  on  MOPG,  adsorption 
conditions:  0.1  mg/ml  concentration, 
adsorption  time  5  min  at  22*C,  and  water 
rlnae  1  min;  STM  conditiona:  constant 
torrent  mode,  Vb  ■  200  mV,  It  -  l.S  nA. 


shows  the  three-dimensional  molecular 
model  (Srown  and  Shockley,  1582) .  The 
reieouij.r  shape  is  generally  taken  as  an 
ellipsoid  with  dimensions  f  42  x  145 
Angst terns.  There  ,i«  *hr*«  icmains 
within  the  soiesu.e.  The  domain 
structure  is  believed  t.7  u*  a  cylinder 
formed  by  six  a-helices.  This  structure 
has  new  beer,  partially  confirmed  by  the 
resent  x-ray  crystal  -tructure  analysis 
(Carter  et  al.,  198$) . 

The  STM  images  of  human  albumin  are 
presented  in  Figure  8  although  they  have 
ceen  difficult  to  repeat.  Figure  S (ai 
shows  cne  adsorbed  human  albumin  molecule 
and  seme  parts  of  two  *ther  mtlecuies  cn 
H0PG.  They  have  different  mentations. 
The  molecular  dimens  ion*  are  120 
Angstroms  m  length  and  61  Angstroms  in 
width.  The  slight  deviation  in 


dimensions  of  the  adsorbate  from  those  of 
the  above  model  may  be  caused  by  slight 
collapse  of  the  native  structure  in  the 
relatively  dry  air  environment.  Three 
cylindrical,  parallel  domains  can  be 
:bserved,  as  expected  from  the  model, 
suggesting  that  the  surface  denaturation 
may  not  be  extensive.  In  addition  to 
dcmair.s,  acme  side  loops  connecting  the 
domains  can  also  be  seen.  The  fact  that 
domains  can  be  distinguished  means  that 
the  resolution  is  about  10  Angstroms. 
The  flat  regions  around  the  adsorbed 
molecules  have  been  identified  as  bare 
HOPO.  In  fact,  the  tiny  ripples  along 
the  scanning  lines  in  rigure  8(b)  are  the 
corrugation  of  graphitic  carbon  atoms# 
commonly  observed  by  STM  on  M0P6.  The 
surface  depression  to  the  left  of  each 
adsorbed  molecule  is  due  to  tho  delayed 
time  response  of  the  tip,  which  was 
scanning  from  right  to  left,  rigure  8 
gives  information  on  adsorption  as  well. 
The  albumin  molecules  essentially 
maintained  a  nearly  native  state  In  the 
presence  of  interactions  between  the 
adsorbate  and  the  adsorbent.  There  has 
been  little  apparent  denaturation. 

y.iwn 

The  importance  cf  fibrinogen 
adsorption  to  the  understanding  of  the 
blocd-ccmpatibility  of  materials"  and  the 
-olesuie's  unique  three-r.adula;  structure 
lured  us  to  observe  it  with  STM. 
Fibrinogen  is  a  big  protein  with 
molecular  weight  of  241,000.  From  the 
molecular  model  in  Figure  9(a),  we  see 
that  its  dimensions  are  approximately  4S0 
Angstroms  in  length  and  t>5  Angstroms  in 
diameter  (Williams,  1281).  Although  we 
never  succeeded  m  imaging  an  intact 
fibrinogen  molecule,  it  turned  gut  that 
we  have  ended  up  with  much  more 
information  about  STM  itself. 

Figure  5(b)  displays  a  typical 
fibrinogen  molecule,  which  looks  like  a 
’•slab".  Referring  to  Figure  3(a),  one 
realises  that  the  macromolecuie  observed 


Figure  7.  Backbone  3  dimensional 
model  of  serum  albumin.  In  this 
model  the  wire  represents  the 
peptide  backbone  and  the  spheres 
represent  disulfide  bridges  in  the 
long  Icops.  The  three  domains  are 
antiparallel  to  one  another.  The 
length  is  140  Angstroms  and  the 
width  40  Angstroms  for  the  entire 
molecule  (from  Brown  and  Shockley, 
1982  by  permission  of  the  author). 
See  reference. 
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Figure  i.  :,t«^i  of  human  albumin  on 
HOPS.  The  picture  dimensions  art  200 
Andros*  m  ^r,«  horizontal  txi  and  140 
Angstroms  ;n  the  vertical  tyi  directions* 
Since  the  adsorcate  haa  4  ‘.‘try  different 
elect rente  structure  from  the  luostmti 
the  height  (2  direction)  could  not  be 
directly  measured.  Both  ia)  ana  <b)  shot* 
stvtral  different  molecules.  Three 
domains  can  be  clearly  seen  (a)  *  The 
ripples  on  the  raster  lines  in  (b)  are 
the  corrugations  of  carbon  atoms  of  the 
HOFC.  The  sample  was  prepared  by 
depositing  a  droplet  of  albumin  PIS 
solution  (10  ppm  albumin)  onto  freshly 
cleaved  H2?G  and  then  the  droplet  was 
removed  by  capillarity  with  a  tissue. 
The  sample  was  then  flushed  with  water 
for  10  sec  and  was  tried  it  room 
temperature  for  5  h  betcre  reservation. 
The  STM  was  operated  at  a  bia3  voltage  of 
200  mV#  tunneling  current  of  4  nA  and 
high  feedback  gam.  The  constant  current 
mode  was  used. 


□ 


Figure  t.  (a)  A  fibrinogen  molecular 
model  from  Williams  <1M1)/  the  globular 
domains  at  both  ends  may  be  elongated  190 
x  40  Angstroms) .  (b)  A  typical  fibrinogen 
molecule  observed  by  STM  on  MOPG 
(deposited  from  a  20  ppm  aqueous 
solution)#  constant  current#  Vb  «  200  mV, 
It  •  1  nA#  100  Angstroms/div.  (c)  An 
image  of  2  separated  domains  of  a 
fibrinogen  molecule  which  originally  was 
a  similar  slab  as  the  one  in  (a)# 
constant  current#  Vb  -  200  mV#  It  •  1.5 
nA#  100  Angstroms/div.  The  picture  was 
taken  when  the  trace  of  water  on  the 
sample  just  disappeared. 


•  a 


Sirs  ss»-f«»3  yreteins 


in  Figure  5(b)  had  been  aa  severely 
deformed  that  it  had  lose  its  key 
characteristics.  Xhil*  it*  length 
remained  relatively  unchanged  its  width 
expanded  to  400  frem  65  Angacrasa  and  it* 
height  was  reduced  53  «S©ut  15  from  65 
Anastross.  The  more  miserable  *hvr.g  is 
-?.«  it  did  net  shsw  ?he  "hras  domain 
ttruccure.  Tran  the  laviatiin  2*  the 
molecular  dimension s«  it  is  reassn  *,ie  to 
suDoose  that  the  tip  had  heavily 
squeesed,  depressed,  and  thus  distorted 
the  fibrinogen  molecule.  Although 
fibrinogen  has  a  large  molecular  site,  it 
appears  to  not  sufficiently  increase  the 
tunneling  current.  Thus,  the  tip  could 
not  discern  this  huge  molecule  because  it 
judged  the  surface  .morphology  by  sensing 
the  local  tunneling  current  rather  than 
atomic  or  molecular  topography.  Mote 
Figure  Sic):  the  picture  started  with  a 
"slab'*  at  the  center.  A  moment  later  the 
"slab"  suddenly  burst  into  three  "caps'*, 
probably  representing  the  three  deformed 
node-like  domains.  This  could  occur 
because  this  sample  was  Just  barely  dried 
so  the  molecule  was  softer  and  lest 
adhered  and/or  denatured.  The  linking 
chains  between  the  domains  had  apparently 


been  fractured  such  chat  the  domains  were 
no  longer  in  an  axis  but  rather  randomly 
scattered. 

The  "slabs"  certainly  were  not  part 
of  the  substrate,  as  might  be  suggested, 
since  they  were  quite  mobile  on  the 
substrate.  The  whole  process  is 
illustrated  in  Figure  10.  A  single 
molecule  did  not  have  sufficient 
interaction  with  the  substrate  HOPC  to 
immobilise  itself.  As  we  mentioned 
before,  owing  to  some  degree  of 
mechanical  contact,  the  tip  wee  driving 
fibrinogen  molecules  around  and  they  kept 
moving  until  many  of  them  packed 
together,  which  increased  their  mutual 
interaction.  This  sort  of  dynamic 
process  w«i  observed  vich  several 
different  samples. 

Although  a  few  individual  molecules 
were  Imaged,  the  majority  of  the  STM 
images  showed  aggregates  of  fibrinogen 
molecules,  as  in  rigurc  11,  in  which  ch4 
lower  left  hand  flat  region  w»«  she  HOW 
substrate.  In  spite  of  our  attempt  to 
create  the  conditions  favoring  the 
formation  of  separate  molecules,  their 
distribution  seems  to  have  nothing  to  do 
with  the  methods  of  preparation  of 


Figure  10.  A  dynamic  process  of  fibrinogen  nolecules  on  HOPG,  constant  current,  Vb  ■ 
200  mV,  It  -  3  nA,  100  Angstrons/div.  (a) -(c)  recorded  the  notion  and  (d)  illustrates 
the  entire  process. 
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Figure  5 i .  An  edge  of  adsorbed 
flbrinog,n  aggregate,  »h«i«  tr«*  wu 
large.'  then  1  n  1  n».  The  lower  left 
handed  (let  region  w«e  the  M0P6  substrate 
(Deposited  fro#  a  5  ppm  PBS  solution, 
isnstant  current.  Vb  >  100  mV,  It  ■  2  r.A. 
100  Angst rems/di v) . 


samples.  he  it  iep"5i?  r  sdxorp: icn. 
wnether  »7r  r.«  water  fl.sneu.  »r.3  high  ?r 
lew  concentrations  f  tn*  amotion*, 
-eat  as  in  ent  .vx*- **vr*g  -^use.  .«  ia 
suspected  that  the  tip  had  driven  and 
piled  up  segregated  molecules  into 
clusters.  Sut  thia  time  w e  have  wore 
confidence  in  this  suggestion.  air.ee  we 
have  evidence  of  suer.  a  dynamic  process. 

Althouyh  there  ia  no  doubt  that 
protein  molecules  can  be  -bserved  en  a 
ionductlny  substrate  by  .  7M»  fependlny  on 
vanoua  circumstances.  the  difficulty  ia 
how  to  .feaerve  them  without  alter my 
their  initial  adeemed  state,  haw  to 
reproducibly  obtain  similar  images,  and 
;r.oer  what  condition*  an  adsorbed  protein 
molecule  can  be  unambiguously  observed. 
A  n unfee r  of  important  questions  have  to 
bo  anawerod:  What  ia  the  mechanism  of 
image  formation  of  aoch  poorly  conductlvo 
substances?  What  rolo  do  tho  tip 
yooMtry  and  surface  chemistry  play? 
What  is  the  major  interaction  between  the 
tip  and  a  protein  molecule:  mechanical  or 
eloctronic?  What  effects  does  the 
conduct iny  substrate  dispose,  such  as  its 
information,  electron  density,  etc?  Whst 
i a  the  role  of  sample  hydration  or  water 
sorption?  We  are  continuing  to  address 
these  questions. 

Cur  STM  work  cn  proteins  adsorbed  on 
HOP?  can  be  summarised  as  fellows: 

(i)  Both  amino  acids  and  proteins 
can  be  seen  by  STM  under  certain 
conditions  despite  some  difficulties. 


(2)  Amino  acids  aro  adsorbed  both  aa 
ayyrevatea  and  aa  individual  meloeulaa. 
Sinylo  molecules  aso  apt  to  eacapo  under 
tho  STM  tip  ainee  their  interactions  with 
the  substrate  are  weak. 

»2l  Hen  eyy-wnite  lysosyme  underyoes 
a  conformational  chanye  uper.  adsorption 
and.-er  STM  visual isat ion. 

*4)  The  high  resolution  ineyes  of 
human  albumin  show  yreet  promise  for  *TM 
applications  to  protein  adsorption. 

(SI  The  STM  tip  may  deform  humen 
fibrinoyon  duo  to  mechanical  contact, 
because  of  its  la rye  molecular  siso  and 
poor  conductivity. 

t<)  Fibrlneyen  molecules  can  move 
ever  the  substrate,  driven  by  the  tip. 
cauainy  them  to  pile  up  into  cluetere. 
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a.  Av*  rart:  'an  you  gave  a  possible 
explanation  ®f  the  conduction  mechanism 
of  the  studied  proteins? 

Anchors:  At  the  present  time,  there  is  no 
general  theory  which  can  explain  the 
contract  mechanism  of  STM  images  of 
poorly-  or  even  non-conduccive 
adsorbates.  Several  hypotheses  have  been 
suggested,  however,  for  some  particular 
cases.  For  example:  a)  sorbed  water  may 
play  a  role  in  enhancing  the  tunneling 
current;  b)  near  the  Fermi  level  there 
are  some  empty  states  which  can  relay 
electrons;  c)  adsorbates  may  change  the 
work  function  of  the  substrate  underneath 
so  that  the  local  environment  is 
different,  etc.  He  did  notice  the  effect 
of  humidity  upon  tne  imaging  of  amino 
acids  and  proteins  as  more  of  these 
molecules  could  be  observed  in  a 
relatively  humid  environment  than  a  dry 
one. 
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Abstract 

Atomic  force  microscopic  images  of  a  murine  antifiuorescyi 
monocionai  antibody  (IgG  4*4-20)  depositing  from  solution  onto 
freshly  cleaved  mica  were  observed  in  real  time.  These  images 
clearly  indicate  a  cooperative  adsorption  process,  not  a  random 
one.  Only  IgG  aggregates  formed  stable  deposits,  whereas  isolated 
molecules  desorbed  readily  from  the  surface.  Subsequent 
adsorption  occurred  adjacent  to  the  aggregates,  forming  ridges  and 
eventually  a  near  monolayer  was  produced.  Additional  layers 
deposit  only  after  the  initial  monolayer  adsorption  was  nearly 
complete.  Desorption  of  the  IgG  molecules  in  a  distilled  water 
medium  was  not  observed. 

Introduction 


Some  of  the  more  common  methods1  to  study  proteins  at  interfaces  are 
radiolabelling,  ellipsometry,  total  internal  reflectance  fluorescence  (TIRF), 
infrared  (IR),  Raman,  and  X*ray  photoelectron  (XPS)  spectroscopies,  and 
scanning  electron  microscopy  (SEM).  While  each  of  these  techniques  is 
capable  of  providing  critical  information  regarding  the  adsorbed  species,  this 
information  is  actually  a  measure  of  the  average  properties  of  all  the  adsorbed 
proteins  in  a  micron  sized  (or  greater)  area.  No  technique  is  available  with 

/_£tn  u  i  r  J  ”>L 


which  to  characterize  individual  adsorbed  proteins.  In  addition,  SEM  and  XPS 
are  normally  used  in  a  vacuum  environment  which  is  radically  different  from  an 
aqueous  one  in  which  protein  adsorption  is  occurring.  So,  the  information  may 
not  be  representative  of  the  actual  events.  The. atomic  force  microscope  (AFM), 
however,  can  be  operated  in  an  aqueous  environment  and  is  capable  of 
providing  real  time  images  of  protein  adsorption  with  a  resolution  sufficient  to 
see  individual  molecules. 

The  AFM2  can  be  used  to  obtain  atomic  scale  images  of  surfaces  3'7.  The 
surface  to  be  imaged  is  mounted  onto  a  (xyz)  piezoelectric  crystal  and  is 
rastered  beneath  a  sharp  tip  attached  to  a  cantilever.  The  tip  rides  across  the 
surface  and  the  forces  between  the  surface  and  the  tip  cause  deflection  of  the 
cantilever.  This  deflection  can  be  monitored  using  a  scanning  tunneling  tip2*3  or 
more  easily,  it  can  be  monitored  by  movement  of  a  laser  beam  that  is  reflected 
off  the  back  of  the  cantilever  ®*9.  Since  the  cantilever  is  sensitive  to  the 
intermolecular  forces  between  the  tip  and  the  surface,  the  sample  need  not  be  a 
conductor  to  be  imaged.  Images  have  not  only  been  obtained  from  graphite3'5 
and  metals6,  but  also  from  semiconductors4-7  and  insulating  polymers10*12. 
Magnetic  fields13  and  charged  regions  in  materials14  have  been  imaged  as 
well.  More  detailed  reviews  of  the  AFM  theory  are  presented  by  Marti  et  al.  and 
Hansma  et  al.15-16. 

The  AFM  has  already  been  used  to  image  surfaces  in  an  aqueous 
environment17.  Underwater  images  of  crystalline  mica  and  polyalanine  on  mica 
have  been  obtained.  One  advantage  of  using  water  as  a  scanning  medium  is 
the  minimization  of  general  adhesion  forces  that  result  between  the  tip  and  the 
surface18.  Such  forces  dominate  the  interaction  between  the  tip  and  the  sample 
and  prohibits  the  possibility  of  obtaining  high-resolution  images.  In  addition, 
scanning  surfaces  in  aqueous  environments  enables  one  to  realistically  image 


biological  systems.  The  AFM  can  obtain  new  images  within  a  few  seconds  and 
can  therefore  monitor  biological  processes  in  real  time.  Recently,  Hansma  et 
al.17  were  able  to  follow  the  formation  of  a  polymerized  fibrin  network  on  a  mica 
surface  by  adding  thrombin  to  a  solution  of  fibrinogen.  These  images  showed 
fibrin  oligomers  aggregating  to  form  a  single  polymer  strand.  Formation  of 
additional  strands  occurred  adjacent  to  first. 

This  paper  discusses  the  images  obtained  from  the  adsorption  of  a 
murine  anii-fluorescyl  monoclonal  immunoglobulin  G  (4-4-20  lgG2  {<)  )19  from 
solution  onto  clean  mica  surfaces.  This  protein  was  chosen  because  it  Is  easily 
crystallized  and  has  self-aggregating  properties.  We  hoped  that  some  unique 
ordering  upon  adsorption  to  the  mica  surface  might  occur  and,  if  so,  this 
ordering  could  be  imaged  with  the  AFM.  We  felt  that  desorption  could  be 
observed  as  well. 

Methods 

The  AFM  experimental  apparatus  has  already  been  described  and  can 
be  found  elsewhere16.  Movement  of  the  microfabricated  cantilever20  is 
detected  by  the  positioning  of  a  laser  light  beam  that  has  reflected  off  the  back 
of  the  cantilever  and  is  detected  by  a  pair  of  photodiodes.  The  AFM  images  are 
continuously  recorded  on  video  tape  for  later  review.  A  flow  cell  has  been  set¬ 
up  across  the  surface  of  the  mica  that  allows  rapid  exchange  of  the  fluid. 

Mica  (Asheville-Schoonmaker)  was  affixed  to  the  piezoelectric  crystal 
stage  and  cleaved  in  situ.  The  flow  cell  was  constructed  around  the  stage  and 
distilled  water  was  injected  onto  the  mica  surface.  The  microcantilever  was 
advanced  until  the  force  between  the  tip  and  the  surface  approximated  10*9  N. 
The  mica  was  then  imaged  continuously  in  the  feedback  mode  with  a  scan  area 
of  1800  A  by  1800  A  and  a  constant  scan  speed  of  16  msec/line. 


The  AFM  tip  was  retracted  from  the  mica  surface  and  a  solution  of  18 
pg/mL  IgG  4*4-20  (a  gift  from  J.  N.  Herron)  in  phosphate  buffered  saline  (pH  7.4) 
was  injected  into  the  flow  cell.  The  tip  was  advanced  to  the  mica  surface  which 
was  then  imaged  continuously  in  the  feedback  mode  over  a  scan  area  of  1800 
A  by  1800  A.  After  4  minutes,  the  scan  area  was  increased  to  4500  A  by  4500  A 
(full  scale).  After  another  1  1/2  minutes,  the  AFM  was  switched  to  variable  force 
mode  for  the  remainder  of  the  imaging.21  The  adsorption  process  was  imaged 
continuously  for  40  minutes.  During  this  time,  the  scan  area  was  decreased  to 
1800  A  by  1800  A,  to  900  A  by  900  A,  and  then  returned  to  full  scale. 

Immediately  after  the  40  minute  IgG  adsorption,  the  tip  was  retracted  and 
the  flow  cell  was  flushed  with  distilled  water.  The  surface  was  scanned  for  10 
minutes  at  full  scale,  at  1800  A  by  1800  A,  and  then  at  900  A  by  900  A. 

Results 

The  image  obtained  of  the  mica  surface  underwater  is  flat  and 
featureless  indicating  a  pristine  surface. 

Within  the  first  two  minutes  after  injection  of  the  IgG  into  the  flow  cell,  a 
continuously  growing  aggregate  was  observed  in  the  lower  right-hand  corner  of 
the  screen.  This  image  was  obtained  in  feedback  mode  and  had  dimensions  of 
1800  A  by  1800  A.  This  aggregate  appeared  on  top  of  the  featureless  mica 
background.  After  five  minutes,  the  scan  area  was  increased  to  4500  A  by  4500 
A  and  'ridges'  appeared  (A).  The  AFM  was  then  switched  to  variable  force  mode 
(B)  and  and  the  same  image  appeared  (different  contrast)  Indicating  that  either 
mode  could  be  used.  As  time  progressed,  it  was  clear  how  the  adsorption  was 
taking  place.  Molecules  that  landed  adjacent  to  these  ridges  would  adhore 
resulting  in  two-dimensional  growth  in  the  plane  of  the  surface  (C).  Yet  most* 
molecules  that  landed  by  themselves  would  desorb  readiiy  as  evidenced  by  the 
disappearance  of  these  isolated  molecules.  The  size  of  these  molecules 


roughly  matched  the  known  size  of  an  IgG  molecule.  The  deposited  IgG 
appeared  as  mounds  and  subsequent  frames  showed  smearing  of  these 
images. 

The  ridges  continued  to  spread  (D,E)  along  the  surface  until  a  monolayer 
covered  the  surface  of  the  mica.  Although  it  is  difficult  to  obtain  accurate  height 
dimension  in  variable  force  mode,  the  monolayer  thickness  was  approximated 
at  50  A,  which  is  consistent  with  the  dimensions  of  an  IgG  molecule.  Near  the 
end  of  the  monolayer  formation,  a  second  layer  started  to  appear.  This  second 
layer  arose  from  many  different  sites  on  the  first  layer  since  protein  interactions 
could  occur  from  anywhere  on  the  surface  (F).  Upon  growth  of  the  second  layer, 
most  IgG  molecules  that  deposited  would  adhere,  but  then  smear,  suggestive  of 
a  rapid  conformational  change. 

After  the  water  flush,  the  surface  exhibited  altered  features,  but  there  was 
no  evidence  that  IgG  desorption  was  taking  place. 

Discussion 

The  observations  of  deposited  IgG  on  the  surface  appearing  only  as 
aggregates  and  of  individual  mounds  rapidly  desorbing  from  the  surface  are 
suggestive  of  lateral  interactions  occurring  between  the  adjacent  IgG 
molecules,  which  appear  to  be  impoitant  for  formation  of  a  stable  protein  layer. 
These  lateral  interactions  are  not  unexpected,  since  this  protein  has  some  self- 
aggregating  properties.  What  is  interesting  is  the  necessity  of  lateral  interactions 
for  adherence  to  the  surface.  Perhaps,  an  IgG  molecule  by  itself  can  only  get  a 
toe-hold  on  the  surface  at  first  and  can  be  desorbed  easily.  Once  it  has  multiple 
holds  with  the  surface  and  neighboring  molecules,  the  probability  of  desorption 
decreases  significantly1.  This  would  explain  the  phenomena  we  observed  here. 
This  argument  is  also  supported  by  the  observation  of  a  second  IgG  layer 
arising  from  many  different  areas  on  the  monolayer  surface.  Here,  the  deposited 


IgG  can  arise  from  any  number  of  places,  since  interactions  can  occur  from 
anywhere  on  the  monolayer  surface.  Prior  to  this  experiment ,  a  protein 
adsorption  isotherm  on  mica  was  obtained  using  i25j.|abelled  IgG.  The 
isotherm  showed  Langmuir-like  behavior  and  at  a  concentration  of  18  pg/mL, 
the  mica  surface  was  only  40%  covered  (less  than  a  monolayer). 

After  the  water  flush,  IgG  desorption  was  not  observed.  Perhaps, 
desorption  was  slower  than  the  observation  time  (minutes)  due  to  the  strength 
of  interaction  between  the  adjacent  IgG  molecules.  Previous  data  has  shown22 
that  IgG  does  desorb  from  a  silica  surface,  but  that  study  was  performed  using 
polyclonal  IgG  and  may  behave  differently  from  the  present  system. 

Certainly,  these  observations  were  not  solely  a  consequence  of  simple 
adsorption  phenomena.  A  number  of  times,  protein  mounds  would  be  displaced 
parallel  to  the  rapid  scanning  direction  only  to  be  returned  to  its  original  position 
upon  subsequent  images.  It  is  clear  that  the  tip  of  the  probe  is  'massaging'  or 
pushing  the  molecules  on  the  surface.  The  extent  to  which  this  occurs,  however, 
is  not  known  and  any  conclusions  can  only  be  made  keeping  this  in  mind.  For 
example,  maybe  the  formation  of  aggregates  results  from  the  probe  pushing  the 
molecules  over  to  a  small  cluster  of  molecules.  The  probe  may  not  be  able  to 
displace  this  cluster  laterally  because  of  the  strength  of  interaction  it  has  with 
the  surface  and  can  only  'hop'  over  it.  In  this  manner,  the  probe  may  behave  as 
a  gathering  device  which  sweeps  the  molecules  into  piles.  This  phenomena 
may  explain  the  discrepancy  between  the  AFM  images  and  the  isotherm  data. 

In  addition,  the  desorption  of  individual  molecules  from  the  surface  may  be  a 
result  of  tip  interaction.  Thus,  the  probe  may  sweep  these  molecules  off  the 
surface  as  well. 

The  authors  would  like  to  emphasize  that  this  experiment  is  a  preliminary 
one  done  at  one  protein  concentration.  The  effect  of  concentration  on  the 


adsorption  pattern  Is  yet  unknown,  but  Is  the  subject  of  ongoing  studies. 
Furthermore,  the  issue  of  protein  adsorption  on  the  probe  Itself  was  not 
addressed  here.  This  issue  is  important  and  merits  further  detailed  study  and 
consideration. 

Conclusion 

Using  an  atomic  force  microscope,  real  time  imaging  of  IgG  deposition  on 
flat  mica  was  accomplished.  While  igG  adsorption  may  occur  anywhere  on  the 
surface,  only  those  molecules  with  sufficient  lateral  interactions  had  the 
capability  to  remain  on  the  surface.  Isolated  molecules  desorb  readily.  A  second 
layer  could  be  observed  after  35  minutes  of  adsorption,  it  was  hoped  that 
unique  ordering  of  the  IgG  on  the  surface  could  be  visible,  but  this  was  not 
evident.  Although,  restructuring  of  the  surface  had  occurred  in  the  desorption 
experiment,  desorption  was  not  conclusive. 

While  it  is  exciting  that  individual  molecules  could  occasionally  be  seen, 
it  is  not  clear  how  much  the  probe  affects  molecular  conformation.  When  more 
sensitive  cantilevers  and  more  sophisticated  detection  systems  are  developed, 
it  may  be  possible  to  operate  the  AFM  using  forces  of  10  -10  to  10  -11  N  and 
image  biomolecules  unperturbed  by  the  probe. 
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Image  A.  Feedback  image  of  18  pg/mL  IgG  4-4-20  in  PBS  on  clean  mica  after 
5  minutes.  Note  the  formation  of  aggregate  'ridges'.  The  scan  area  is  4500  A  by 
4500  A. 

Image  B.  Variable  force  mode  image  of  1 8  pg/mL  IgG  4-4-20  in  PBS  on  clean 
mica  after  5  1/2  minutes.  The  ridges  are  now  resolved  better.  The  scan  area  is 
4500  A  by  4500  A. 

Images  C,D,E.  Variable  force  mode  images  of  18  pg/mL  IgG  4-4-20  in  PBS 
on  clean  mica.  Times  of  adsorption  are  15, 17  1/2,  and  20  minutes.  Growth  of 
the  monolayer  centers  about  the  ridges  and  proceeds  until  a  near  monolayer  is 
formed.  The  scan  areas  are  4500  A  by  4500  A. 

Image  F.  Variable  force  mode  image  of  1 8  pg/mL  IgG  4-4-20  in  PBS  on  clean 
mica.  Adsorption  time  is  37  minutes.  After  a  near  complete  monolayer  is  formed, 
a  second  layer  begins  to  deposit.  The  scan  area  is  4500  A  by  4500  A. 
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Inlrgductkift 

There  art  a  number  ol  methods  to  study  the  adsorption  ol 
proteins  at  Interfaces  Including  radlolabeWng,  scanning 
electron  microscopy,  and  a  variety  of  spectroscopic 
techniques*  The  problem  with  these  methods  Is  that  It  Is  not 
possible  to  Image  the  molecular  arrangement  of  adsorbed 
molecules,  let  alone  Individual  molecules  on  a  surface. 
Fvubermoff,  some  ol  these  techniques  can  not  monitor  the 
adsorption  events  In  real  Hme  or  In  an  arduous  tnvtconmenl. 
The  advent  ol  the  atomic  force  microscope  (AFM)  has  enabled 
researchers  to  monitor  real  time  processes  In  an  aqueous 
environment.  Recently,  the  AFM  community  at  UCS8  was  able 
lo  Image  the  adsorption  and  polymerization  o(  fibrinogen  on 
mica  demonstrating  the  potential  of  the  AFM  for  observing 
biological  processes.' 

Wl'h  en  Invitation  to  use  the  AFM  Instrumentation  at 
UCS8,  those  ol  us  at  Utah  decided  lo  study  the  adsorption  ol  a 
monoclonal  IgG  (4.4.20)  on  m*ca.2  This  protein  was  chosen 
because  H  Is  easily  crystaMxabt*  and  was  therelora  expected 
to  display  nomrandom  adsorption. 

Mica  was  attached  onto  the  piezoelectric  crystal  and  a 
fresh  surface  was  produced  by  deavlng  In  shu.  A  how  celt 
was  erected  around  the  mica  and  distilled  water  was 
.  Introduced.  The  piezoelectric  stage  was  advanced  unlit  the 
force  between  the  AFM  Up  and  the  sample  approximated  10*® 
N.  Images  ol  the  mica  surface  were  thus  obtained.  After  l:p 
retraction*  the  distilled  water  was  exchanged  with  an  18 
mg/ml  solution  of  IgG  (4.4*20)  In  phosphate  buttered 
saline  (pH  7.4),  Images  obtained  showed  the  progression  ol 
IgG  adsorption  dynamics.  IgG  desorption  In  distilled  water  was 
Investigated  as  welt. 


Images  were  obtained  In  both  feedback  and  variable  force 
modes  over  a  typical  scan  area  o(  4$oo  A  by  4500  A.  The 
Image  of  the  mica  was  featureless  Indicating  a  Hat,  virgin 
surface. 

Images  from  the  IgG  solution  experiment  showed 
adsorption  was  a  cooperative  process.  The  first  Images  were 
obtained  In  feedback  mode  and  showed  a  growing  IgG  aggregate. 
The  scan  area  here  was  1800  A  by  1800  A.  Afte«*  5  minutes 
from  the  time  ol  protein  addition,  the  scan  area  was  Increased 
to  4500  A  by  4600  A  end  'rldgee1  appeared.  The  scennlng 
mode  was  switched  to  variable  force  mode  and  the  same  Image 
appeared.  Rarefy  were  Isolated  molecules  seen  and  those  that 
were  observed  disappeared  by  the  next  Image  (5  seconds 
later).  Yet,  those  that  landed  adjacent  lo  the  ridges  adhered 
resulting  In  growth  In  Ihe  plane  of  the  surface.  These 
observations  Indicate  that  lateral  Interactions  are  necessary 
for  a  stable  protein  layer  on  mica,  the  adsorbed  layer 
continued  to  grow  In  two  dimensions  producing  a  near 
complete  monolayer  at  20  minutes.  At  30  minutes,  a  second 
IgG  layer  depositing  on  the  monolayer  becomes  visible.  No 
desorption  of  the  IgG  layer  In  distilled  water  was  observed, 
even  alter  10  minutes,  perhaps  due  lo  the  strength  of  lateral 
Interactions. 

Since  Individual  IgG  molecules  were  not  observed  In  these 
Images,  we  are  now  trying  to  obtain  Images  of  an  easily 
crystalllzable  IgM  pentamer.  Due  to  Its  symmetry  and  larger 
size,  we  hope  lo  be  able  to  see  Individual  molecules. 


taaacJ:  Variable  force  mode  Image  of  18  mg/ml  IgG  4.4.20 
In  PQS  adsorbing  on  mica  alter  5  1/2  mlnubs.  Scan  area  Is 
4500  A  by  450C  A.  Nolo  formation  of  TkJgtsL 


Image  2:  Variable  force  mode  Image  of  18  mg/mL  IgG  4.4.20 
In  PBS  adsorbing  on  mica  alter  20  minutes.  Scan  area  Is 
4500  A  by  4500  A.  A  monolayer  Is  nearing  completion. 
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